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Abstract

The large mass, low first ionization potentiat and large electron impact ionization cross-section make
Buckminsterfullere ne (C60) potentially attractive as an ion engine propetlant. 1t has the potential for significant
increases in engine, cfficiency over that obtained with xenonat specific impulse.s less than 3,000 s. Onc problem
encountered in fullerene ion engine.s has been dissociation of the propellant. Previously this was attributed to
thermal decomposition rfuc to operation of theion engine a temperatures greater than 1073 K. However, during,
tests conducted temperatures lower than 1073 K fullerenc fragmentation was st ill observe.d. This prompted an
investigation to determine if the dissociation was still duc to therinal effects or if it was duc to collisional processes
in the discharge chamber. An ExB probe designed to discriminate between Coo? and Csg™? was used to determine
the composition of positively charged particles extracted from a filament cathode ion engine, Ideally only Co'ions

would be extracted from the ion engine; however, in addition to Cgot large quantitics of fullercne fragment ions
were observed. During these tests the ion engine. was operating attemperatures below 900 K and fullerenc
fragmentation was not detected in the vaporizer used to supply ions to the discharge chamber. However, aftes
running the engine dissociated full crence residuc was foundin the discharge Chamber.  Typically this residue accounted
for between1/3 and 2/3 of the. €60 mass supplicd to the discharge chamber during an experiment. From these.
results it is evident that the fullerenc dissociation is caused by processes inhere.nt to plasma production and not duc to
thermal ¢ ffccts, provided the ion engine temperature is below 870 K. The amount of fragmentation observed during
this testing scems to conflict with fragmentation cross- section data appearing in the literature. In the literature the
appearance energy for fullerenc fragment ionsis greater than 45 ¢V, yet substantial frapmentation was ob.served when
the ion engine was operated atlower discharge voltage.s. The apparent discrepancy can be resolve.(i by noting that
electron impact ionization of Cgg produces a metastable ion which has an encrgy dependent half-life before it
fragments. In the €ross- section experiments C60 is accelerated into the mass spectrometer within 1 to 10 ps of the
time. at which it was ionized. In contrast the ave.rage reside.ncc time for aCgg in anion engine. is two to three orders
of magnitude longer (~11ins). As a result more dissociation will be. observed in an ion engine [Iron in the cross-
scction experiments even at lower clectronencrgies. “1'herefore, if fullerencs arc to be a useful propellant methods
must be devised to efficiently process large amounts of €60 on much shorter time scales than those typical Of
conventional ion engines.

impulse in the1,000 to 3,000 s range[1,?). Since

Introduction

Recause of the large mass, iow first ionization
potential and large electronimpact ioniz.alien cross-
section, it has been suggested that usc of
Buckminsterfullerene (Cgp) as a propellant mightresult
in significant increases in ion engine efficiency over
that obtained with xenon for missions requiring specific

1991, three groups [3.5] have reported successful
operation of arc discharge ion engines using fullerenc as
apropellant. Anderson and Fitzgerald [3] were able to
cxtract beam currents between? and 3mA from their
device with a net accelerating voliage of 1.9 kV
(corresponding to a Cg ion velocity of 22,500 m/s)
and aminimum discharge voltage of 22 V. They
con firmed the presence of fullerenc ions by mass
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spectral analysis of the extracted ion beam. Hruby et al.
[4] detected fullerene material deposited on optical
surfaces using Yourier transform infrared (IFTIR)
spectroscopy. Both of these groups reported substantial
crosion of the filament cathodes used in their devices
that ultimately resulted in cathode failure. In both of
these sources, notable degradation of the propellant
molecules at high temperature was confirmed by FIIR
spectroscopic analysis of the powder remaining in the
cffusive cell and on the walls of the discharge chamber.
Nakayama and Takegahara {5) extracted up to 33 mA
beam currents with a net accelerating voltage of 0.7 kV.
They report that a tesidue was found on the discharge
chamber walls after operation of the thruster on
fullerenes; however, they do not state whether the
residuec was composed of fullerenes or fullerenc
fragments.

Horak and Gibson {6] operated a commercially
available Kanfman ion source with fullerencs for ion
assisted deposition applications. They were able 1o
sustain a discharge for 30 minutes while extracting a
50-100 1 A/em? beam of fullerenc ions. They reported
that approximately 10% of the initial mass of Cgg was
recovered from the discharge chamber as a mixture of
graphitic carbon and fullerene. Fang ct. al. [7] operated
a hollow cathode ion source on a mixture of argon and
fullerenes. The hollow cathode was operated on argon
and fullerenes were introduced into the discharge
chamber by argon cartier gas. They report detection of

up to 1 nA of Cgo* as well as fragment ions using a
90° analyzing magnct mass spectrometer.

The observed degradation of fullerencs in these
reports is a concern because, over a long period of
operation, the carbon residue could build up and plug,
hollow cathodes and propellant feed lines. Flakes of
residue could also short out the optics system grids 18].
In addition, decrcased thruster efficiency duc to
extraction of an ion beam with a distribution of charge-
to mass ratio would result from extraction of ionized
fullerene fragments. To determine if it is possible 1o
climinate fullerene fragmentation, the mechanisi
causing the degradation must be identified. Possible
mechanism include, electron impact induced
frapmentation, collisions with discharge chamber walls,
photon induced fragmentation and thermal
decomposition.

Since {fullerencs became available in
macroscopic quantitics in 1990 (9], there have been
several experimental studies of the clectron impacl
frapmentation of Cgg [10-12]. 1t is known that the

main mechanism for fragmentation of Cgo? is
sequential loss of (2. ‘The first reaction in this chain is

Cept - > Csg* + Cp . Fq. 1)

Subsequent reactions are

Copt ->Cop2t + (tq.2)

for n- 29, 28....,16. Below n=16 the molecule does not
form a fullerenc closed-cage structure [13]. In these
clectron impact fragmentation experiments the fragment
ion Cgg? does not appear until the clectron cnergy
cxceeds 45 eV, Typically ion engines are operated al
discharge voltages below 45 eV, therefore, it was
thought that clectron impact induced dissociation was
unlikely to account for the degradation observed in the
100 ¢ngines.

There have been several studies of fullerene
dissociation by accelerating ion into the surface of
various materials [14, 15). In these studics fullerenes
had to be accelerated to over 200 ¢V kinelic energics
before significant Csg? production was observed. In an
jon cngine ions can impact surfaces with kinetic
encigies as high as the discharge voltage. Again these
energics are lower than those observed in the surface
impact dissociation experiments it was considered
unlikely that this could account for the observed
degradation.

Experiments of photon induced dissociation
[13, 16] showed that up to 20 eV photons were required
before fullerence fragments were obscrved.  The
maximumn temperature surface in the jon engines is the
cathode filament which operates at temperatures on the
order of 2000 K. At this temperature there are virtually
no 20 ¢V photons produced, resulting in negligible
fragientation in the ion engine.

There have been several studies of the thermal
stability of Cgp [17-19). Frum et al. {20] obscrved
thermal degradation of Ce@ heated to 1223 K while
studying its infrared emission spectrum, while Sundar et
al. [19] observed that solid Cgo decomposes into
amorphous carbon upon heat treatment beyond 993 K
for 24 hours. leifer ¢t al. investigated solid state
fullerene decomposition kinetics {21]. Fullerene
depradation is attributed to solid-state unimolecular
decay with an activation cnergy of 266 kJ/imol over the
temperature range from 1073 to 1173 K. In our
previous work [3] with are discharge ion engines the
temperature had been greater than 1070 K so we
atiibuted the observed fullerene decomposition to
thermal degradation.  In order to avoid significant
propellant  fragmentation, thruster operating
temperatures must be maintained below approximately
1073 K.

This upper bound on temperature affects the
maximum vapor pressure which can be achicved in the
mass feed system.  Several studics of fullerene vapor
pressure as a function of temperature appear in the
literature [22-25). At 1073 K the vapor pressure of Co0




is approximately 130 Pa (1 Torr). To mainiain a
pressure on the order of 0.1 Pa (mid 1004 Ton range),
typically found in operating ion cngine discharge
chambers, reguires a temperature of about 8§00 K.
‘Therefore, the temperature window in which a fullerene
thruster can be operated is between 800 and 1073 K.

To avoid the presence of high temperature
hollow cathodes which typically operate at temperatures
in excess of 1300 K, RF ion cngines have been
investigated.  Takegahara and Nakayama [26] have
reported an unsuccessful attempt to establish an RE-
generated plasma using fullerencs. They found that
their quartz discharge chamber wall temperature was oo
low, resulting in condensation of the fullerenc
propellant.  Anderson ct al. [27] also report an
unsuccessful attempt 1o establish a RE discharge using
fullerenes.  They found that RE xenon discharges
quench when small guantities of fullerence are introduced.
Fullerenes have a large clectron attachment cross-section
and quenching is attributed to fullerencs scavenging free
clectrons from the plasma.

Further concern about fullerenc degradation
arose duning the REF experiments because evidence of
fragmentation was still observed cven though the ion
cngine was at lemperatures below 1073 K. This resolt
would indicate that the observed fragmentation was not
solely due to thermal effects but that electron impact
and surface impact might cause more dissociation than
expected based on the appearance cnergy for fragments.
In their work, Fang ct. al. [7] do not state the operating,
temperature of their ion source but they note that Ce
dissociates at high temperatures. They also note that
there is a discrepancy between their results and
appearance encrgy data in the literature.

This paper describes work done to determine af
the observed fullerene fragmentation was due to thermal
degradation or due 1o processes occurring during plasma
production.

Fullerene 1on Enging

To investigate fullerene decomposition during
plasma production an arc-discharge ion engine with a
filament cathode was constructed. Itis recognized that
fullerene impinging on the filament will dissociate;
liowever, the probability that a fullerene will impact on
the filament before being extracted through the optics
systein can be kept to a low value. ‘This probability is
approximately cqual to the filament surface area to
optics system open arca. For the thruster described here
this ratio is less than 2%. A schematic diagram and
two photograph of the thruster are shown in Figs. 1-3.

The thruster, shown in Fig. 1, has a two-grid
optics system and is mounted inside a 0.9 m diameler
by 2.9 m long vacuum chamber capable of maintaining
a no load pressure in the 104 Pa Cc.a Torr) range.
The 1on optics system consists of molybdennm screen

and accelerator grids. They are spaced 1.3 mm apart and
have 331 matching 2.4 mm diameter holes with center-
to-center spacing of 3.0 mm for an open arca fraction of
0.58. The accelerator grid bias supply (up to
100 mA D.C., 0.5 10 2.0kV) is used to bias the
accelerator grid negative with respect to ground. The
screen grid, held at cathode potential, is biased positive
with 1espect to ground by the screen grid bias supply
(up to 100 mA D.C,, 0.5 10 2.0kV). With the
exception of the accelerator grid the entire 10n enging is
biased positive with respect 1o ground by the screen grid
bias supply.

The discharge chamber is cnclosed at the
downsticam end by the optics system and along the
diameter by a 70 mm diameter, 28 mm long
molybdenum anode. The discharge chamber anode is
wrapped with two heater wires 1o provide temperaturc
control. Each 44 Q heater wire has a variable power
supply (upto 2 A A.C., 0 10 120V). The vpstrecam end
of the discharge chamber is a molybdenum baffle plate.
The balfle plate is the interface between the discharge
chamber and the oven which is used to vaporize
fullerencs. The anode is clectrically isolated from the
screen grid and baffle plate by boron-nitnde rings.

The filament cathode is heated to thermionic
cruission temperatures using the cathode heater supply
(up 1o 6 A AC., 0 1o 15 V). Power leads to the
cathode located at the center of the discharge chamber are
through a twin bore ceramic tube (3.2 mm O. D,
0.9 mmn bore diameter) which is inserted into the
discharge chamber through a hole in the anode.

To determine if fullerene dissociation is duce o
theninal or plasma processes, it is desirable insure that
plasma production docs not occur in the same region as
fullerene vaporization takes place. To decouple the
discharge from the fullerene vaporization process the
baffle plate has 169 holes with a length-to-diameter
ratio of 4. The holes are 1.5 mm diameler and the plate
is 6 nun thick. The oven and baffle plate arc held at
cathode potential 1o keep plasma from leaking through
the baffle into the oven. The oven is a 70 mm diameter
by 30 mm long molybdenum cup which is capped on
the upstream end by the baffle plate. The oven diameter
is wrapped with heater wire and the upstream end is
equipped with a coil heater wire. The 64 € oven
diamcter heater wire and the 57 €2 oven coil heater wire
~ach have a vatiable power supply (up 1o 2 A AC, 0
10 120V).

To allow operation of the ion cngine on
various pases, a hollow ceramic tube (3.2 mm oD,
1.6 mm 1.D)) protrudes into the oven. Gases used to
calibrate diagnostic equipment can be supplied through
this tube.

To reduce the likelihood of fullerene spillage
during ion cngine asscmbly, fullerenes are placed in a
quarlz thimble before they are placed in the oven. When



the oven is heated the fullerenes sublimate and e f{fuse
through the baffle plate into the discharge chamber. A
small fraction of the fullerenc mass flow is directed
reward a water cooled Inficon modef X1TM/2 quartz
crystal micro-balance (QCM). Real-tin)c mcasurcments
of the rate at which fullerencs condense on the QCM
can be correlated Lo the actual mass flow of fullerencs
into the discharge chamber through a calibration
constant.

The QCM used o monitor the fullerene flow
rate is water cooled and the temperature of the Q('M
holder was held below 300 K during all experiments
which is cold enough 10 keep fullerencs from
sublimating from the QCM. Because the geometry of
the cxperimental apparatus docs not change during a
particular experiment, it is assumed that the fraction of
the flow impinging cm the QCM remains constant as
[he. flow rate and ion enginctemperature vary. ‘The
system is taken apart between runs to resupply
fullerenes to the own resulting in slight variations of
aignment between the oven and QCM from runto run;
therefore, calibration constants arc obtained for each run.

The calibration constant for total flow rate is
determined by we ighing the fullerene- filled quartz
thimble bc.fore and after cach run [0 find the total mass
of cvaporated material. This quantity is then divided by
the. total accumulated mass on [he. QCM crystalto
obtain the calibration constant C where

C=-— AM

j m
qem
"y

and AM is the total mass sublimated from the crucible,

(Fa.3)

mqm is the. mass flow condensing onthe QCMand the

integration is over thetime T (luring which fullerenes
flow to the, QCM. The actual mass flow rate. tothe

discharge chamber i s

m=(C-1) (r]i(lm

(Eq. 1)
The QCM is located approximately 70 mm from the
crucible. andfullerenes arc. directedtowardthe Q('M
through a 1.4 mm diameter aperture inthe oven. With
this configuration, C typically varies between 6x 103
and 8x10°

lon engine. tcmperatures arc monitored by
thermocouples attached 10 the outer diameter at the
upstrcam and downstrcam end of both the anode and
oven.

A photograph of the assembled ion engine is
shown in ¥ig. 2. The accelerator grid, visible at the top
of the thruster, is attached 10 and ¢lectrically isolated
from a stainless steel mounting ring with ceramic
standoffs. The screen grid located directly below the
acce lerator grid is attached physically and clectrically o
the mounting ring with stainless steel spacers. The
discharge chamber and oven arc sandwiched between the.
optics systcmn and a retaining plate at the upstream cnd
of the thruster. Two of the four rods used W attach the
mounting ring to the plate arc clearly visible in Fig. 2.
Also visible in Fig.2, arc the anode heater wires and
the. oven diameter heater wire. The boron-nitride ring
used 10 clectically isolate the anode from the oven can
aiso be secnin [he, photograph,

Subsequent [0 obtaining these photographs,
the oven and anode were wrapped with tantalum foil
provide thennal radiation shiclding. When the engine is
mounted in the vacuum chamber the retaining plate is
mounted on ceramic standoffs so that the. engine can e
biased to the desired potential. To shicld the thruster
from ambient plasma a ground screen surrounds the
entire engine except for the optics system. In addition,
an clectromagnet capable of producing magnetic ficlds
as highas 0.02 Tesla is placed around the thruster.

The ion optics system was removed Lo provide
avie. w of the interior of the discharge chamber in
Fig. 3. Visible is the baffle plate used to provide
fuflcrcnc flow between the. oven and discharge chamber.
‘The twin bore. ceramic tube used to isolate the filament
cathode Icads from the anode earl also bescen. Also
note the small lube, located atthe center of the oven,
which is usedto dircct fullerencs toward the QCM.

Beam Diagnostics

To determine the species of ions being
extracted from the ion engine an ExB probe designed 10
provide 24 a.m.u. resolution at 720 a.u.u. was designed
and constructed. A schematic of [he. probe is shown in
Fig. 4. "The probe operates hy collimating a small
fraction o f the approaching beam jons with the
0.?5 mmby 19 mm sdlits at each endof the 2.5¢m
square., 2.’/.3 cm long collimator tube. The downstream
end O( the collimator tube extends 2.5 cminto the ExB
section o minimize fringe ficld effects. lons entering
the 61 cm long ExB section cncounter a permancnt-
magnet induced, 0.15 Tesla B field and an E-ficld which
can be varied by changing the potential difference
between the plates which are spaced 3.5 cm apart. The
- ficld plates are made from channels which arc 3.6 cin
long in the direction parallel to the collimator slits and
have legs that arc 1.1cmlong perpendicular to the slits.
At a given plate potential di fference all ions, except
thoscin a narrow velocity range, arc deflected away
from the collector. The collector is housed in a 7.0 ¢m



long steel tube cquipped with @ 0.25 mm by 19 mm
entrance Slit; this tube also extends 2.5 cminto the
Ex B region. Because [he. probe distinguishes based on
ion velocity, ions with different masses but the same
kinetic ecnergy arc scnsed at different plate potential
di ficrences. By sweeping the plate potential difference,
plots of current reaching the collector as a function of
this difference can be generated; various species of ons
canbe identified from such plots.

Preliminary calibration of the KxB probe was
donc using a mixture of xenon. krypton and argon.
Shownin Fig. 4 isan ExB probe trace obtained with a
1,5 keV ion beam extracted from the engine operating
witha S8 V, 0.95 A discharge. Although the engine
could be operated on the gas mixture at discharge
voltages as low at 25V, the high discharge voltage was
used to insure, that detectable levels of doubly ionized
gasatoms would appear in the traces. Identificd on the
trace arc singly ionized xenon a 213 V, krypton at
267V and argon at391V. The doubly ionized xenon
peak appears at 303 V while the doubly ionized krypton
pcak overlaps the argon peak at381 V. The triple
xenon peak should appear at 372 V and isoverlapped by
the doubly ionized krypton peak. 'The triply ionized
krypton peak appears at 469 V. Using this calibration
singly and doubly ionized Cgg should appear at 91 V
and 129 V, respectively. The fullerenc used for the.sc
experiments had a small amount (less than 5%) of C7()
inthe powder which was vaporized. The singly and
doubly ionized €70 should appear at84V and 119 v,
respectivel y.

The ExRB probe is capable of resolving
isotopes of [he. calibration gases. The main isotopes of
xenon arc Xe136 (().()89), Xer3z4 ([). 104),
Xec132 (0.2.69), Xeyp3g (0.212), Xc130 (0.041),
X¢129(0.264), and Xc128 (0.019). The main isotopes
of krypton arc Krgg (0.173), Kigq (0.570),
Krg3 (0.1 15), Kig2 (0.1 16), and Krgp (0.0225). Argon
has onc main isotope, Arqqg (().9995). Here [he.
subscript after the gas symbol denotes the atomic mass
of theisotope and the number in brackets is the mole
fraction of each isotope. The peaks due. to singly
ionized xenon and krypton arc enlargedin Fig. 5. Four
isotopes of xcnon(Xeq36, Xe)34,Xc132, Xeppg)can
be resolved. ‘The Xe13] peak overlaps the Xc132 peak
arid is cannot beresolved in this plot. The other xenon
isotopes have a smal mole fraction compared to the
five isotopes listed and aso are not resolved in Fig. 5.
The four major krypton isotopes (K186, Kigq, Krg3,
Krg2) arc resolved in Fig, 5. Probe mass resolutionis
given by

M/AM . [2g/(MAV)}* A (tq.5)

where M isthe mass of the, particle, q is the. charge of
the particle, AV is the potential through which the
particle has been accelerated and A is a constant
associated with the probe geometry and magnetic ficld
strength. Since the probe can resolve 1 am. u. at
84 a.m.u. the probe should be capable of 1esolving 25
am.u. at 720 a.m.u. This is good enough to resolve
Cep and Csg as well as smaller fullerenes.

Composition of Extracied Fullerene lon Bean

The Ex B probe was used to determine the
spc.tics of ions being extracted from the. ion engine.
Idcally only singly and doubly ionized Cgo would
appear without any fragment ions. However, it can be
seen fromthe trace in ¥ip, 6 that [his is not the case.
Shown is an ExBtiace obtained with the ion cngine
operating on fullerenes witha39 V, 0.74 A discharge.
The fullerene flow rate varied between 0.17 and
0.18 mg/s while the trace was being taken. The flow
rate was at its maximum valuer when the plain potential
difference was about 130 V and was at the minimum
value whenthe [race started at 60 V and ended at 2(K) V.
The net-accelerating voltage was 1.5 kV while the total
accelerating voltage was 2.0 kV. The beam current
varied between 7.5 and 8.5mA while. the trace was
being obtained; the variation correlated with the
variation in fullerence mass flow rate.

As seen inthe trace singly ionized fullerenc
fragmention from Cgp.op (n=0, 1,...,13) arc. evident. A
stgnificant signal duc to doubly ionized fullere ne
frapment ions is also seen in lag. 6. It is evident that
the magnitude of the signal decreases for fragments
smaller than Cs(; however, the peak at the location of

doubly ionized C4Q is larger [ban that for C42%. This
occurs because Cgg? * appears at the same plate
potential difference as Ca0*+ At plate. potential

differences greater than that for C40“(1 S7.5 V),
double and ttiple ion peaks overlap and it bc.comes
difficult to resolve some of the peaks.

It is desirable to determine the fraction of
fullerenc fragiments ions which are extracted from the
ion engine. Idecally if peaks duc to different species of
ions do not overlap inthe ExB probe traces, the current
density a the probe collimator entrance slit s
proportional to the peak height for that species.
However, in the trace shown in Fig. 6, the peaks do
overlap and thercfore the peak heights do no[ indicate
the true current density. The actual current density can
be bracketed by taking the peak heights from the trace
([hisprovides an overestimate) and by using the distance
that the. peak nscs above the valleys on cither side (this
provides an underestimate). When this is done for the
datain tig. 6, the upper and lower bound onfragment
current fraction for singly ionized fullerencs is 0.689



and (),8()4, Peaks for Cqu0* through C32% were
included in the calculation. For doubly ionized
fragment current peaks from Ceo* o C42t arc

included in the computation. Peaks below C42 were,
not included because triple ions arc mixed in with the
doubles peak. The fragmentation current fraction for
double ions is bounded beiween(.811 and ().8547.
From these data it is evident that a large fraction of the
fullerenes in the discharge chamber dissociate be.fore
they arc extracted. It is noted that these data were
obtained with the thruster operating at tcmperatures
below 910 K where thermal decomposition of fullerencs
is negligible.  Thus it is apparent that the observed
fullerenc degradation is duc to processes inherent to
producing aplasma.

Further evidence to suppott (his ¢laim is found
from examination of the ion engine after a typical
experiment.  After experiments the ion engine is
disassembled and cxamined.  When the oven i S
examined no cvide nce of fulle renc fragmentation is
observed. However, when the discharge chamber
interior is examined, a black residue coats the entire
inside of the chamber. This residuc is collected and
weighed and typicallyit accounts for 1/3102/3 of the
fullerenc mass which was placed in the oven atthe start
of the experiment. Chemical analysis of this residue
shows that it docs not contain fullerenes.

These results seem to be at odds with the
Cross- gection experiments discussed in the introduction
where 45 eV clectrons were. required before fragment
ions were detected. This discrepancy canbe re.solved if
it is noted that clect lon impactionization produces
melaslable Cet ions which have ahall-life before they
fragment. In the cross-section experniments fullerencs
arc. accelerated toward the mass spectrometer within 1 10
10 ps of the time at which they are produced. Typical
rmidc.nc.clime.s for fullerenes inan ion engine are on the
order of 1 ms which is two to three orders of magnitude
longer. Because of the difference intime scales the
probability that @ fullerene will dissociate before it is
accelerated is much higher in an ion thruster even with
lower cnergy clectrons.  Although only positive ion
frapmentation has been discussed here, there are many
more process occuiring in the discharge chamber which
can pump cucrgy into fullerenes.  These include
negative ion formation, and ions impacting the
discharge chamber walls with kinetic energies on the
order of dic.discharge voltage  Each of these processes
can impartintcinal energy 10 fullerencs and lead to their
eventual fraginentation,

Conclusions

Experiments were conducted which show
substantial fullerene fragmentation occurs in ion

engines operating attemperaturcs below 910 K. The
dissociation was found tobe caused by processes
irlhc.rent to producing a plasmaina discharge chamber.
Because fullerenc fragmentationin a thruster reduces the
thruster ¢ fficiency and if severe enough can resultin
shorting of electrical components, a method of
eliminating frapmentation before the acceleration must
be found in order for fullerenesto be auseful propellant.
Two possibilities exist for accomplishing [his. One is
1o ionize fullerenes without pumping large amounis of
energy into internal energy which subsequently  causes
dissociation. Surface or ficldionizaonmight be used
to accomplish this. The second possibility is suggested
by the low fragmentation rate observed on the short
time scales used in the cross-section experiments,
Namely, fullerenes must be processed on a much shorter
lime scale thanthose typicalof ion thrusters to avoid
frapmentation before they arc accelerated.  7°
accomplish this micro-thrusters with dimensions on the
order of 0.1mm would be required,
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